TRPγ, a Drosophila TRP–Related Subunit, Forms a Regulated Cation Channel with TRPL  by Xu, X.-Z.Shawn et al.
Neuron, Vol. 26, 647±657, June, 2000, Copyright ª 2000 by Cell Press
TRPg, a Drosophila TRP±Related Subunit, Forms
a Regulated Cation Channel with TRPL
recently shown that an endogenous PLC-dependent
current in pontine neurons (IBDNF) is mediated by TRPC3
(Li et al., 1999). However, IBDNF is not identical to the
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and Neuroscience current generated by expression of TRPC3 in vitro (Hurst
The Johns Hopkins University School of Medicine et al., 1998; Kiselyov et al., 1998; Zhu et al., 1998; Hof-
Baltimore, Maryland 21205 mann et al., 1999). Thus, TRPC3 may interact in vivo
²Department of Anatomy and Neurobiology with one or more additional subunits that modulate the
Washington University conductance properties of the endogenous channel. In-
St. Louis, Missouri 63110 deed, it has been reported that individual cell types
express multiple TRPC isoforms (Chang et al., 1997;
Garcia and Schilling, 1997) and that TRPC proteins have
Summary the capacity to interact in vitro (Xu et al., 1997). However,
to date there is no evidence that TRPC proteins hetero-
TRP and TRPL are two light-sensitive cation channel multimerize in vivo.
subunits required for the Drosophila photoresponse; Drosophila visual transduction has emerged as a rela-
however, our understanding of the identities, subunit tively simple system in which to study the function of
composition, and function of the light-responsive TRP channels. TRP (Montell and Rubin, 1989) and TRPL
channels is incomplete. To explain the residual photo- (Phillips et al., 1992), the founding members of the TRP
response that remains in the trp mutant, a third TRP- family, are highly enriched in the phototransducing or-
related subunit has previously been proposed to func- ganelle of the photoreceptors, the rhabdomere (Nie-
tion with TRPL. Here, we identify such a subunit, TRPg. meyer et al., 1996; Chevesich et al., 1997), and both
We show that TRPg is highly enriched in photoreceptor contribute to the light response (Niemeyer et al., 1996;
cells and preferentially heteromultimerizes with TRPL Scott et al., 1997). In vitro expression studies indicate
in vitro and in vivo. The N-terminal domain of TRPg that TRP is a cation influx channel that is activated
dominantly suppressed the TRPL-dependent photo- through a mechanism that involves stimulation of PLC,
response, indicating that TRPg-TRPL heteromulti- production of inositol 1,4,5-trisphosphate, and release
mers contribute to the photoresponse. While TRPL of Ca21 from the intracellular Ca21 stores (Vaca et al.,
and TRPg homomultimers are constitutively active, 1994; Peterson et al., 1995; Xu et al., 1997). However,
we demonstrate that TRPL±TRPg heteromultimers there is a report that stimulation of PLC is linked to the
form a regulated phospholipase C± (PLC-) stimulated
activation of TRP through the production of polyunsatu-
channel.
rated fatty acids (Chyb et al., 1999). In contrast to TRP,
expression of TRPL in vitro typically results in constitu-Introduction
tive cation influx (Hu et al., 1994; Harteneck et al., 1995).
The constitutive activity of TRPL in vitro indicates aA wide variety of Ca21 and nonspecific cation conduc-
requirement for one or more subunits to assemble withtances are activated in response to stimulation of phos-
TRPL to produce a regulated channel. TRP may be apholipase C (PLC) (reviewed by Parekh and Penner,
subunit required for associating with TRPL since both1997). Such conductances have been detected in many
proteins are coexpressed in the rhabdomeres. More-cell types and implicated in a diversity of physiological
over, TRP and TRPL interact directly in vitro (Xu et al.,processes ranging from T cell activation to Drosophila
1997). Additionally, the TRP-dependent conductance isphototransduction. Nevertheless, the channels respon-
dominantly suppressed in 293T cells by overexpressionsible for these PLC-dependent conductances have been
of a nonfunctional form of TRPL, referred to as TRPL-K,elusive.
which consists of a substitution of the H5 domain of theMembers of the TRP family of proteins (TRPC1±7) are
Shaker K1 channel in place of the putative pore domaincandidate channel subunits that may be responsible for
of TRPL (Xu et al., 1997). Introduction of TRP and TRPLmany of the PLC-dependent conductances observed in
into Xenopus oocytes or 293T cells leads to the produc-mammalian cells (Wes et al., 1995; Zhu et al., 1995, 1996;
tion of conductances that are distinct from those pro-Philipp et al., 1996, 1998; Boulay et al., 1997; Okada et
duced by either of the individual proteins (Gillo et al.,al., 1998, 1999; Liman et al., 1999; Vannier et al., 1999).
1996; Xu et al., 1997). These conductances are not con-The PLC-dependent conductances are highly diverse
stitutively active; rather, they are regulated currents thatand are characterized by distinct ion selectivities, kinet-
are observed upon release of Ca21 from the internalics, and ion conductances (Parekh and Penner, 1997).
stores. TRP and TRPL also coimmunoprecipitate (co-Such differences may result from the large number of
TRPC channel proteins. In addition, heteromultimeriza- IP) from fly heads (Xu et al., 1997). Based on these in
tion of TRPC subunits may form novel channels with vitro studies and the observation that the TRP protein
distinct properties. In support of this proposal, we have is expressed at a level 10-fold higher than TRPL is, the
light-activated conductance would appear to be com-
posed of two channels: TRP homomultimers and TRP/³ To whom correspondence should be addressed (e-mail: cmontell@
jhmi.edu). TRPL heteromultimers.
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Figure 1. The trpg Gene and Protein
(A) Alignment of TRPg, TRPL, and TRP protein sequences. Identical residues, found in at least two proteins, are enclosed in black boxes.
The underlying brackets with dashed lines indicate the four ankyrin repeats, while the solid bracket indicates the coiled-coil domain. The six
putative TMDs are indicated by the solid lines underneath each corresponding region. The running tally of amino acids is indicated to the
left.
(B) The genomic structure of the trpg gene. The dark gray boxes indicate the coding exons, while the noncoding exons are represented by
the light gray boxes. The dashed lines indicate an alternative noncoding exon. The positions of the initiation (ATG) and stop (TGA) codons
are indicated. A scale (kb) is shown at the bottom.
A limitation of the two channel model is that it does In the current report, we describe the identification of
the predicted third TRP-related subunit, TRPg. TRPgnot account for the remaining photoresponse in trp mu-
tants, in which both TRP homomultimers and TRP/TRPL was coexpressed in the rhabdomeres with TRP and
TRPL and preferentially interacted with TRPL in vitro.heteromultimers would be absent. Therefore, we have
proposed that there exists an additional TRP-related Although neither TRPg nor TRPL homomultimers formed
a regulated channel, coassembly of TRPg and TRPLsubunit that functionally interacts with TRPL in Drosoph-
ila photoreceptor cells (Xu et al., 1997). Consistent with produced a novel channel that was activated by PLC
signaling or depletion of Ca21 stores. Consistent withthis prediction are recent patch clamp recordings indi-
cating that there are multiple types of cation conduc- the proposal that TRPg interacts with TRPL in vivo, a
dominant-negative form of TRPg suppressed the TRPL-tances in Drosophila photoreceptor cells (P. M. O'Day,
personal communication). dependent photoresponse in transgenic flies.
TRPg Forms Functional Heteromultimer with TRPL
649
situ hybridization to polytene chromosomes (data not
shown). A scan of the Drosophila genomic sequence,
which currently accounts for z98% of euchromatic re-
gions (Adams et al., 2000), demonstrates that there are
no additional genes in the database that encode pro-
teins that are highly homologous to TRP. Thus, it ap-
pears that the Drosophila genome encodes only three
TRP-related proteins.
TRP Was Highly Enriched in the Rhabdomeres
For TRPg to interact directly with TRPL in vivo, it must
be expressed in the same phototransducing organelle
(the rhabdomere) in which TRP and TRPL are found
(Montell and Rubin, 1989; Niemeyer et al., 1996). To
ascertain whether TRPg was expressed in the rhabdo-
meral portion of the photoreceptor cells, we generated
polyclonal antibodies to the C-terminal portion of TRPg,
as this was the region that was least similar to TRP and
TRPL. The antibodies appeared to be specific since they
recognized TRPg (140 kDa) but not TRP or TRPL (142
kDa and 129 kDa, respectively; Figure 2A) expressed in
vitro. In the fly, TRPg was expressed in late pupae and
in the adult head (Figure 2B). No TRPg protein was de-
tected in the adult body (Figure 2B), although trpg mRNA
was expressed in both heads and bodies (data not
shown).
As the TRPg antibodies were ineffective in tissue sec-Figure 2. TRPg Protein Is Enriched in the Rhabdomeres of the Pho-
toreceptor Cells tions, we used a biochemical approach to address
(A) The anti-TRPg antibodies recognize TRPg but not TRP or TRPL whether TRPg was located in the retina. TRPg appeared
in 293T cells. Empty plasmids (Mock) or cDNAs encoding full-length to be eye specific since it was detected in Western blots
TRPg, TRP, and TRPL were transfected into 293T cells, and Western containing extracts prepared from wild-type heads but
blots of the cell extracts were probed with anti-TRPg antibodies
not from a mutant (sine oculis [so]) that fails to develop(top panel). The same cell lysates expressing TRP and TRPL were
eye tissue (Figure 2B). TRPg was enriched in the retinaprobed with anti-TRP or anti-TRPL antibodies, respectively. Protein
since it was found exclusively in dissected retinas butsize markers (kDa) are indicated to the left.
(B) TRPg is enriched in the eye. A Western blot containing extracts not in the remaining head tissue from which the retinas
prepared from adults (heads, bodies, and so heads), embryos, larvae were removed (Figure 2C).
(first, second, and third instar), and pupae (early and late) was To determine whether TRPg was expressed in the
probed with anti-TRPg antibodies. A similar amount of protein was
rhabdomeres, we examined the concentration of TRPgloaded in each lane as determined by running a second gel in parallel
in two mutants, rdgA (Hotta and Benzer, 1970) and rdgCand staining with Coomassie blue.
(Steele and O'Tousa, 1990), which undergo age-depen-(C) TRPg is enriched in the retina. A Western blot of lysates prepared
from retinas and heads lacking retinas was probed with anti-TRPg dent degeneration of the rhabdomeres. As a control, we
antibodies. also examined the concentration of the NINAC myosin
(D) TRP is enriched in the rhabdomeres. Head extracts (two head III isoforms p174 and p132 (Montell and Rubin, 1988),
equivalents) from young (,1 day) and aged (14 days) wild-type,
which are found exclusively in the rhabdomeres and cellrdgC, and rdgA flies were checked for TRPg expression. The West-
bodies of photoreceptor cells, respectively (Porter et al.,ern blot was reprobed with antibodies that recognize NINAC p174
1992). In rdgC and rdgA, the level of p174 decreasedand p132.
in an age-dependent fashion, whereas p132 remained
largely unchanged (Figure 2D). The TRPg protein con-
centration paralleled that of p174, indicating that theResults
TRPg protein was highly enriched in the rhabdomeres
(Figure 2D).TRPg Is Related to TRP and TRPL
We identified a genomic DNA encoding a portion of a
candidate TRP-related protein in a low-stringency screen TRPg Interacted with Both TRP and TRPL
but Preferentially with TRPL(see Experimental Procedures). The full-length gene en-
coded a predicted protein (TRPg) of 1128 residues that Since TRPg, TRP, and TRPL are highly enriched in the
rhabdomeres, we tested whether TRPg physically inter-was z54% identical to either TRP or TRPL over an z800
amino acid segment extending from the N terminus (Fig- acted with TRPL and/or TRP. We found that TRPg co-
IPed with both TRPL and TRP from fly head extractsure 1A). This region included four ankyrin repeats, a
coiled-coil domain, and six putative transmembrane do- (Figure 3A); however, more TRPg co-IPed with TRPL
than with TRP, despite the z10-fold higher abundancemains (TMDs) conserved in other members of the TRP
family. Overall, the level of homology in TRPg was similar of TRP relative to TRPL in vivo. To evaluate whether
TRPg interacted directly with TRPL and/or TRP, we em-to the sequence identity between TRP and TRPL. The
TRPg genomic sequence spanned 12 kb (Figure 1B) that ployed the yeast two-hybrid and in vitro pulldown assays
using purified glutathione S-transferase (GST) fusionmapped to 36A6±7 on the second chromosome by in
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Figure 3. TRPg Preferentially Heteromulti-
merized with TRPL
(A) Co-IP of TRPg with TRPL and TRP from
fly heads. Extracts from wild-type fly heads
expressing the Myc-tagged TRPg transgene
were IPed with anti-TRPL, anti-TRP, or anti-
NINAC antibodies or non immune serum
(NIS). A Western blot of the IPs was probed
with anti-Myc antibodies.
(B) In vitro pulldown assay. GST-N-TRPg and
GST proteins immobilized on glutathione
beads were incubated with 35S-labeled
N-TRPL or N-TRP. The elutes from the beads
were fractionated by SDS±PAGE and de-
tected using a phosphorimager (12 hr expo-
sure). The input signals (left panel) were ob-
tained after a 30 min exposure.
(C) TRPL co-IPed with TRPg in 293T cells.
TRPL was coexpressed with either Myc-
tagged TRPg (TRPg-M) or FLAG-tagged
TRPC3 (TRPC3-F). Cell lysates were IPed
with anti-Myc or anti-FLAG antibodies, or non
immune serum (NIS). A Western blot of the
IPs was probed with anti-TRPL antibodies.
The right lane was reprobed with anti-FLAG
antibodies to detect TRPC3.
(D) A reciprocal experiment of (C) showing
TRPg IPed with TRPL. Anti-TRPL was used
for the IP, and anti-TRPg was used to probe
the Western blot.
(E) TRPg-Myc did not co-IP with TRP in 293T
cells. The IPs and Western blotting were per-
formed with anti-Myc and TRP antibodies,
respectively. The blot was reprobed with anti-
TRPg antibodies.
(F) The coiled-coil domain contributes to the
N-TRPg±N-TRPL interaction. A schematic of
the N-terminal 318 residues of TRPg (N-TRPg) showing the four ankyrin repeats (Ank1±4) and a coiled-coil domain (Coil). The horizontal lines
represent various fragments of N-TRPg. The strength of the interactions was designated by the number of plus signs.
proteins. Since the N- but not the C-terminal regions of Coassembly of TRPg and TRPL Yielded
a Regulated ChannelTRPg associated with TRP and TRPL using the yeast
two-hybrid assay (data not shown), we performed pull- Having demonstrated that TRPg physically interacted
with TRPL, we then tested the model that coassemblydown assays using the N-terminal region of TRPg fused
to GST. The fusion protein was immobilized on glutathi- of TRPg and TRPL produced a regulated channel. To
this end, we first recorded the current carried by TRPgone columns and incubated with the N-terminal portion
of TRP and TRPL translated in vitro; z6-fold more in 293T cells. As was the case with TRPL (Xu et al., 1997)
(Figure 4A), expression of TRPg in 293 cells elicited aN-TRPL bound to GST-TRPg than N-TRP (Figure 3B). We
also performed in vitro co-IP experiments using extracts constitutive conductance (Figure 4B). Recordings were
typically performed z24 hr posttransfection since cellprepared from transfected 293T cells and found that
TRPL co-IPed with TRPg (Figures 3C and 3D) but not death was often observed $30 hr posttransfection,
probably due to an uncontrolled ion influx (data notwith a vertebrate TRP homolog, TRPC3 (Wes et al., 1995;
Zhu et al., 1996) (Figure 3C). We did not detect any shown). The TRPg-dependent conductance had an am-
plitude of 16.5 6 0.5 pA/pF at 270 mV (n 5 26; Figureinteraction between TRPg and TRP in 293T cells (Figure
3E), probably due to the relatively low affinity of the 4C), which appeared to be carried by cations since re-
placement of cations in the bath solution with N-methyl-TRPg±TRP interaction combined with the lower expres-
sion level of TRP in 293T cells, as compared with fly D-glucamine (NMDG) eliminated the inward current (Fig-
ure 4D). The TRPg current was a nonselective cationphotoreceptors (z10-fold lower; data not shown). These
data support the conclusion that, while TRPg interacted conductance (PNa:PCs:PCa 5 1:1.1:2) with a reversal po-
tential close to 0 in the Na1-containing solution (Figurewith both TRP and TRPL in vivo and in vitro, it preferen-
tially heteromultimerized with TRPL. 4D). In addition, the TRPg current was insensitive to
inhibition by Mg21 (9% 6 4% inhibition at 5 mM, n 5To map the domains within the N-terminal portion of
TRPg that mediated the interaction with TRPL, we used 6/7) and La31 (2% 6 1% inhibition in 80 mM LaCl3, n 5
5/5). These features of the TRPg current are similar tothe yeast two-hybrid assay. We found that the coiled-
coil domain was sufficient to mediate most of the TRPg± those of the TRPL current but differ significantly from
the TRP-dependent conductance, which is more selec-TRPL interaction, although a short fragment (33 resi-
dues) N-terminal to the coiled-coil domain appeared to tive for Ca21 and displays greater inhibition to Mg21 and
La31 (Xu et al., 1997). Furthermore, in contrast to TRP,contribute to the interaction (Figure 3F).
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Due to the difficulty in obtaining cells that express
TRPg-TRPL heteromultimers in the absence of any TRPg
or TRPL homomultimultimers, we constructed a TRPg-
TRPL heterodimer by linking the coding regions of TRPg
and TRPL via a polyglycine linker (TRPg-TRPL; see Ex-
perimental Procedures). Similar dimer constructs have
been used to characterize other ion channels, such as
the Shaker type K1 channels, inwardly rectifying K1
channels, and cyclic nucleotide±gated cation channels
(Liman et al., 1992; Yang et al., 1995; Liu et al., 1996). As
a control, we first tested the TRPg and TRPL homodimer
constructs and found that each retained the properties
of the TRPg and TRPL constitutively active conduc-
tances, respectively (data not shown).
In contrast to cells expressing the TRPg and TRPL
constructs, introduction of the TRPg-TRPL dimer did
Figure 4. TRPg Did Not Form a Regulated Channel In Vitro not produce any significant constitutively active con-
ductance or result in noticeable cell death. Rather, cells(A) Cells transfected with TRPL were clamped at 280 mV. A constitu-
tive inward current appeared when switching from the NMDG solu- expressing TRPg-TRPL displayed a cation conductance
tion to the bath solution. that was activated by agonists that stimulate receptors
(B) Expression of TRPg in 293T cells elicited a constitutive cation coupled to PLC. Prior to addition of agonists, such as
conductance. Cells transfected with pcDNA3-TRPg were clamped
ATP or carbachol, there was no discernible cation influx.at 270 mV. After switching from the NMDG solution to the bath
However, perfusion with ATP activated an inward cationsolution, a constitutive inward current developed, which was re-
conductance that was subsequently eliminated uponverted by changing back to the NMDG solution. The line above the
trace indicates the perfusion in the bath solution. replacing the Na1 and Ca21 with the nonpermeant cation
(C) Histogram of the average TRPg current. The inward current NMDG (Figure 5A). Preincubation with the PLC inhibitor
shown in (B) was normalized as the current density. Further treat- U73122 (5 mM) abolished the capability of ATP to induce
ments with thapsigargin (TG, 2 mM) or ATP (200 mM) had no signifi- such a conductance (n 5 4; Figure 5E), indicating thatcant effect.
the current was stimulated through a PLC-linked path-(D) I±V relationship of the TRPg current. A train of voltage commands
way. This conductance appeared to result from expres-(270 to 170 mV in 10 mV increments) was applied to cells perfused
with the Na1 or NMDG solution. Cells were clamped at 210 mV. sion of TRPg-TRPL since no such activity was observed
The error bars indicate the standard errors from the mean. in mock-transfected cells (Figure 5B). The TRPg-TRPL-
dependent current was strongly outwardly rectifying
(Figures 5C and 5D) with a reversal potential near 0 (Fig-which is activated by emptying the internal Ca21 stores
ure 5D) and was nonselective (PNa:PCs:PCa 5 1:1.1:4.5).with thapsigargin (Vaca et al., 1994; Peterson et al., 1995;
La31 did not block the ATP-induced current (5% 6 2%
Xu et al., 1997), the TRPg-dependent conductance was
inhibition at 80 mM, n 5 4; Figure 5E). However, in con-
not affected by addition of thapsigargin (Figure 4C).
trast to the currents generated from expression of the
Treatment with ATP, an agonist that stimulates PLC TRPg and TRPL homomeric channels, the TRPg-TRPL
through activation of the purinergenic receptor and conductance was sensitive to Mg21 inhibition (58% 6
Gq/11, also had no significant effect on the TRPg-depen- 9% inhibition at 5 mV, n 5 5). Carbachol also induced
dent current (Figure 4C). Taken together, expression a current similar to that resulting from application of
of TRPg alone in 293T cells produced an unregulated ATP (Figures 5E and 5F). In addition, introduction of
nonselective cation channel with many features similar to thapsigargin to cells expressing TRPg-TRPL induced a
those of TRPL homomeric channels. As there is no light- cation conductance; however, the current displayed a
regulated conductance in trpl;trp double mutant flies longer delay and smaller amplitude (Figures 5E and 5G).
(Niemeyer et al., 1996; Reuss et al., 1997; Scott et al., Thus, it appeared that coassembly of TRPg and TRPL
1997), and TRPg preferentially interacts with TRPL, these produced a channel that was activated through stimula-
observations are consistent with the notion that the proper tion of PLC.
function of TRPg relies on interaction with TRPL.
To examine the current elicited by the TRPg-TRPL Functional Suppression of TRPL by N-TRPg In Vitro
heteromeric channels, we first cotransfected plasmids and In Vivo
encoding TRPg and TRPL and found that the constitu- Evidence that TRPg and TRPL associated in vivo was
tive conductance remained in the majority of the cells that the two proteins co-IPed from Drosophila head ex-
examined (30 of 35 cells). The constitutive activity may tracts. To obtain functional evidence that TRPL and
have resulted from the presence of some TRPg or TRPL TRPg interact in vivo, we sought to suppress the TRPL-
homomeric channels in most cells. However, a subset dependent photoresponse in trp mutant flies by ex-
of cells (5 of 35 cells) displayed very little constitutive pressing the N-terminal 318 residues of TRPg (N-TRPg),
activity and were responsive to agonists such as ATP. which includes the region that physically interacts with
The ATP-dependent conductance was nonselective for TRPL. If the TRPL/TRPg heteromultimers contribute to the
cations (PNa:PCs:PCa 5 1:1.1:4.5), was outwardly rectify- remaining photoresponse in trp mutant flies, one would
ing, and had a reversal potential of 22.1 mV (data not predict that perturbing the formation of this channel would
shown). None of the cells transfected with TRPL or TRPg quench the light response in trp photoreceptor cells. Be-
fore generating transgenic flies expressing N-TRPg, wealone displayed an agonist-stimulated conductance.
Neuron
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Figure 5. Coassembly of TRPg and TRPL
Produced a Regulated Channel
(A) Expression of the TRPg-TRPL construct
elicited an ATP-induced conductance in 293T
cells. Cells expressing TRPg-TRPL were
clamped at 270 mV. The baselines in the
NMDG solution and in the normal bath solu-
tion were at nearly the same level, indicating
that there was no detectable constitutive
conductance. An inward conductance ap-
peared 5±15 s after the cells were perfused
with the normal bath solution containing 200
mM ATP. Switching to the NMDG solution
completely blocked the inward current. Cells
were subsequently switched to the ATP-con-
taining solution.
(B and C) TRPg-TRPL transfected but not
mock-transfected cells displayed the ATP-
induced outwardly rectifying current. Cells
transfected with an empty vector (Con, [B]) or
with the TRPg-TRPL dimer (C) were perfused
with 200 mM ATP and then subjected to a
series of voltage commands (270 to 70 mV
in 10 mV increments).
(D) I±V relationship of the ATP-induced TRPg-
TRPL current. Current amplitudes in (B) and (C) were normalized as current densities and plotted versus voltages. The error bars indicate the
standard errors from the mean.
(E) Histograms of the average TRPg-TRPL inward currents, induced by different treatments. Cells were clamped at 270 mV and perfused
with ATP (200 mM), ATP and U73122 (5 mM), ATP and La31 (80 mM), carbachol (Cch, 200 mM) added to the normal bath solution, or thapsigargin
(TG, 2 mM) added to the Na1 solution. The peak amplitudes were normalized as current densities. The number of cells analyzed under each
set of conditions is indicated.
(F) A TRPg-TRPL dependent current could be activated by treatment with carbachol. Cells expressing TRPg-TRPL were held at 270 mV and
subsequently perfused with carbachol (Cch, 200 mM). After removing the carbachol, the current slowly returned to the baseline.
(G) Thapsigargin (TG) stimulated a TRPg-TRPL-dependent current. Cells clamped at 270 mV were perfused with the Na1 solution with 2 mM
TG. An inward current developed after a 30±90 s delay.
examined the efficacy of the N-TRPg construct in vitro. indicating that it interacted with endogenous TRPL. To
We coexpressed N-TRPg with TRPL in 293T cells and examine the effect of expressing N-TRPg on the light
found that N-TRPg suppressed the TRPL-dependent cur- response in trp mutant flies, we performed electroreti-
rent by 82% 6 14% (n 5 18 of 24 cells; Figure 6). nogram (ERG) recordings. ERGs are extracellular re-
To test the hypothesis that TRPg contributes to the cordings that measure the summed responses of all
remaining light-dependent current in trp flies, we cre- retinal cells to light. Of primary significance here, the
ated transgenic animals expressing N-TRPg in a trp mu- ERG responses in trp343 flies were greatly suppressed
tant background. N-TRPg was stably expressed and co- by N-TRPg (Figures 7B and 7C). The amplitude was
IPed with TRPL from trp343 fly head extracts (Figure 7A), smaller (70% 6 5% decrease, n 5 25; Figures 7B±7D),
and the return to the baseline was much faster, resulting
in a 20-fold decrease in the overall ERG response (Figure
7E). The suppression by N-TRPg did not appear to be
a nonspecific effect resulting from sequestering of sig-
naling proteins since it had no effect on the photore-
sponse in wild-type flies (data not shown). Consistent
with the in vitro studies that TRPg interacts preferentially
with TRPL, the N-TRPg transgene had no significant
effect on the TRP-dependent photoresponse in trpl flies
(Figure 7D). These latter data also indicated that expres-
Figure 6. Dominant Suppression of the TRPL-Dependent Conduc- sion of the transgene did not cause some global nonspe-
tance by N-TRPg in Cultured Cells cific perturbation of phototransduction.
(A) The TRPL and TRPL/N-TRPg conductances in 293T cells. Cells
were transfected with pTRPL or cotransfected with pTRPL and pN-
TRPg. Transfected cells were held at 280 mV and switched from Discussion
the NMDG solution to the normal bath solution, and subsequently
returned to the NMDG solution. An inward current was elicited in
TRPg, TRPL, and TRP Comprise the Completethe normal bath solution. The solid line above the traces indicates
the perfusion with the normal bath solution. Traces from a TRPL- Set of TRP Proteins
expressing cell and a TRPL/N-TRPg-expressing cell were superim- The TRP family of PLC-dependent cation channels is
posed. The TRPL trace is a duplicate from Figure 4D. conserved throughout animal phylogeny and is a multi-
(B) Histogram showing the average currents in cells expressing gene family in most if not all metazoans. In mammals,
TRPL alone or TRPL and N-TRPg. The amplitudes of the inward
there exists a minimum of seven TRP homologs (TRPCcurrents held at 280 mV were normalized as current densities. The
proteins), and these proteins may be responsible for thenumber of cells analyzed and the standard errors from the mean
are indicated. primary mode of Ca21 entry in a broad array of cell
TRPg Forms Functional Heteromultimer with TRPL
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Figure 7. Functional Suppression of the
TRPL-Dependent Photoresponse by N-TRPg
in Transgenic Flies
(A) Co-IP of N-TRPg and TRPL from fly heads.
Head extracts from flies expressing the P[N-
trpg] (Myc-tagged) transgene were IPed with
anti-TRPL or anti-NINAC antibodies or with
nonimmune serum (NIS). A Western blot of
the immunocomplexes was probed with anti-
Myc. Protein size markers (kDa) are indicated.
(B) ERG recordings of heat-shocked trp343.
(C) A representative ERG response from trp343
expressing the P[N-TRPg] transgene. Flies
were heat shocked to induce expression of
the transgene. The duration of the light stimu-
lus and a millivolt scale are indicated.
(D) Histogram of ERG amplitudes of trp343 and
P[N-TRPg];trp343 flies. The results obtained
with trpl and P[N-trpg];trpl flies were included
as controls. The error bars indicate the stan-
dard errors from the mean. The total number
of recordings performed are indicated.
(E) Histogram of relative ERG responses. The
relative ERG response is the integral of the
ERG response and varies as a function of both amplitude and duration of the response. The mean value calculated from trp343 flies was
normalized to 100%. The flies were maintained at 258C until they were subjected to the heat shock protocol.
types (reviewed by Parekh and Penner, 1997; Zhu and homology within z50 residues encompassing the C-ter-
minal ends of the transmembrane segments. Surpris-Birnbaumer, 1998; Putney and McKay, 1999). Several
TRPC transcripts appear to colocalize in subsets of neu- ingly, all members of the Drosophila TRP family are
highly enriched in the rhabdomeres of the photoreceptorrons in the central nervous system (Funayama et al.,
1996; Philipp et al., 1998), and at least one, TRPC3, has cells. As the compound eye is amenable to functional
analyses, this has provided an opportunity to addressbeen proposed to mediate some of the rapid effects
of neurotrophins on axonal morphology and synaptic the functional interactions of TRPg, TRP, and TRPL both
in vitro and in vivo.transmission (Li et al., 1999). Nevertheless, the biological
roles of TRPC proteins and potential subunit interac-
tions between TRPC subunits in vivo remain to be de- Subunit Composition of the Channels
in Photoreceptor Cellsfined.
The Drosophila TRP family has been a paradigm for The number and subunit composition of the light-acti-
vated channels in Drosophila photoreceptor cells havethe characterization of the roles and subunit assembly
of the TRP family of proteins in vivo due to the accessibil- been unresolved. However, recent analyses of the single
channel conductances obtained from excised patchesity of the Drosophila visual system for performing elec-
trophysiology, biochemistry, and genetics (reviewed by from the rhabdomeres of Drosophila photoreceptor cells
suggest that there are multiple types of conductancesMontell, 1999). However, our understanding of the con-
tributions and interactions of the TRP family of proteins (P. M. O'Day, personal communication). Thus, the ques-
tion arises as to the identities of the various light-acti-in Drosophila photoreceptor cells has been incomplete.
The identification of TRPg in the current report has facili- vated channels.
One class of channel appears to be TRP homo-tated a comprehensive molecular and functional de-
scription of the full set of TRP proteins expressed in multimers. TRP homomultimers form regulated chan-
nels since they are not constitutively active in vitro butan animal. Based on the recently released Drosophila
genomic sequence, which accounts for z98% of eu- are activated through stimulation of PLC-coupled sig-
naling pathways. TRP homomultimers most likely existchromatic sequences (Adams et al., 2000), it appears
that TRP, TRPL, and TRPg are the only three TRP family in photoreceptor cells since TRP is significantly more
abundant than both TRPg and TRPL combined.members in Drosophila.
Common features shared among TRPg and all Dro- TRP/TRPL heteromultimers appear to be a second
class of channel since we have previously shown thatsophila and vertebrate TRP proteins include three to
four ankyrin repeats, six putative TMDs, and $40% se- TRPL and TRP interact directly in vitro. Furthermore,
heteromeric interactions between TRPL and TRP arequence homology over z700 residues that extend from
the N terminus to a highly conserved region immediately favored z5-fold over TRPL homomeric interactions.
Coassembly of TRP and TRPL has functional conse-C-terminal to the transmembrane segments. This level
of sequence identity is quite distinct from that shared quences, as the characteristics of the TRP/TRPL con-
ductance are distinct from those generated by expres-between TRP and several groups of much more distantly
related cation channels, such as the capsaicin receptor sion of only TRP or TRPL. In contrast to TRPL, the TRP/
TRPL channel is store operated rather than constitu-(Caterina et al., 1997) and PKD2 (Mochizuki et al., 1996).
These latter types of channels contain structural fea- tively active and is relatively insensitive to inhibition by
Mg21. While the TRP channel is also store operated, thetures reminiscent of TRP proteins; however, the se-
quence identities are primarily limited to low level of TRP/TRPL conductance displays much greater outward
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rectification, is less selective for Ca21, and is consider- active. Therefore, the remaining channel that functions
in the trp mutant should display these properties in vitro.ably less sensitive to inhibition by La31. TRP and TRPL
Expression of TRPL in vitro results in a conductanceappear to interact in vivo since they co-IP from photore-
that shares some features of the trp light-activated con-ceptor cells, and a derivative of TRPL that dominantly
ductance. These include strong outward rectification,suppresses the TRP-dependent current in vitro also re-
lack of cation selectivity, and La31 insensitivity (Dong etduces TRP activity in vivo (X.-Z. S. X. and C. M., unpub-
al., 1995; Harteneck et al., 1995; Hu and Schilling, 1995).lished data).
However, TRPL homomultimers do not adequately ac-Several observations indicate that a third channel in
count for the conductance in the trp mutant since TRPLDrosophila photoreceptor cells is a heteromultimer con-
channels are constitutively active and are insensitive tosisting of TRPg and TRPL subunits. TRPg and TRPL co-
inhibition to Mg21 (Hu and Schilling, 1995). Therefore, weIPed following expression of the proteins in vitro and
proposed the existence of a third TRP-related subunit,interacted directly in pulldown and yeast two-hybrid
TRPg, that heteromultimerizes with TRPL.assays. In contrast, to the TRPg and TRPL homodimers,
We found that the TRPg-TRPL conductance gener-the TRPg-TRPL heterodimer was not constitutively ac-
ated in vitro was remarkably similar to the light-sensitivetive. Instead, it was activated by agonists which stimu-
conductance in trp photoreceptor cells. Both the in vitrolate receptors that are coupled to activation of PLC.
and in vivo currents were dependent on signaling path-Addition of thapsigargin also activated TRPg-TRPL;
ways coupled to stimulation of PLC, displayed outwardhowever, the current was smaller in amplitude and was
rectification, were nonselective for Ca21 as comparedcharacterized by a delay longer than that produced
with Na1 (PNa:PCa 5 1:4.5 and 1:5, respectively), werethrough stimulation of PLC-coupled signaling pathways.
inhibited by Mg21 but were insensitive to La31, and dis-Thus, release of Ca21 from internal stores was not the
played reversal potentials near 0 mV. The TRPg homo-most potent activator of TRPg-TRPL. TRPg and TRPL
meric channel was unlikely to carry the remaining con-appeared to associate in photoreceptor cells since they
ductance in the trp mutant since the TRPg-dependentco-IPed from fly heads, and expression of the N-terminal
current was constitutively active, insensitive to Mg21, anddomain in TRPg, which is the region that interacts with
less selective than the in vivo conductance (PNa:PCa 5 1:2).TRPL, inhibited the TRPL-dependent current in vivo.
Given that TRP is 10-fold more abundant than eitherWe conclude that the three principal classes of chan-
TRPL (Reuss et al., 1997) or TRPg (X.-Z. X. and C. M.,nels in photoreceptor cells are TRP homomultimers,
unpublished data), it would seem that the TRPg-TRPLTRP/TRPL heteromultimers, and TRPg/TRPL hetero-
heteromultimer would be a minor component of themultimers. TRPg and TRPL homomultimers are unlikely
light-dependent conductance. Nevertheless, it has beento function in vivo since the heterophilic interactions
estimated that the remaining channel in the absence ofare favored over homophilic interactions. Furthermore,
TRP, which now appears to be TRPg-TRPL heteromul-TRPg does not function independently in vivo since
timers, contributes z50% of the light-activated currenttrpl;trp mutants are unresponsive to light (Niemeyer et
(Reuss et al., 1997). This is most likely because the singleal., 1996; Reuss et al., 1997; Scott et al., 1997). A fourth
channel conductance of the TRP channel has been esti-but minor class of channel appears to be TRPg-TRP
mated to be only about 10% of that of the remainingheteromultimers. TRPg-TRP heteromultimers are proba-
channel in the absence of TRP (i.e., TRPg-TRPL) (Reussbly a minor class since significantly more TRPg co-IPed
et al., 1997). Thus, despite the observation that TRPwith TRPL than with TRP despite the higher concentra-
appears to be 10-fold more abundant than TRPg ortion of TRP in photoreceptor cells. The lower level of
TRPL, both TRP and TRPg-TRPL channels appear toTRPg-TRP heteromultimers in vivo is consistent with the
contribute equally to the light-activated conductance.observation that the interaction of TRPg with TRPL in
While the ERGs obtained with wild-type and trpl flies
vitro is highly favored over the interaction with TRP.
are indistinguishable (Niemeyer et al., 1996), a number
of features of the light-dependent cation influx, such as
TRPg-TRPL Heteromeric Channels Appear to Carry the ionic permeability ratios, differ in trpl flies (Reuss et
the Remaining Light Conductance al., 1997). Nevertheless, the physiological role of ex-
in trp Mutants pressing several rather than one light-sensitive ion chan-
A conundrum in Drosophila visual transduction was the nel remains an open question.
identity of the channel that functioned in the absence
of the TRP. Since TRP and TRPL were formerly the only Functional Heteromultimerization of TRPC Channels
known subunits, and trp flies displayed a light-activated Heteromultimerization may not be specific to TRP,
conductance, it seemed that the remaining current must TRPL, and TRPg, but a feature shared among most of
be mediated by TRPL (Reuss et al., 1997). However, the the mammalian TRPC proteins. While it remains to be
in vitro conductance generated by TRPL homomulti- determined which of the seven TRPC proteins associate
mers differed from the current in trp photoreceptor cells in vivo, several appear to be expressed in the same
in several key respects. cells, and TRPC1 coassembles with TRPC3 in vitro (Xu et
Hallmarks of the light-dependent conductance in trp al., 1997). Heteromultimerization among TRPC proteins
include lack of selectivity for Ca21 versus Na1, a reversal may generate the great diversity of store-operated con-
potential close to 0 mV, pronounced outward rectifica- ductances that has been observed in mammalian cells
tion, inhibition by Mg21, and a relative insensitivity to (Parekh and Penner, 1997). Furthermore, heteromulti-
La31 (Hardie and Minke, 1992). In addition, there is no merization among TRPC proteins could offer an expla-
significant dark current demonstrating that the re- nation for the discrepancies between the TRPC3-depen-
dent conductances recorded in vitro (Zhu et al., 1996,maining conductance in trp flies is not constitutively
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sample buffer for 3 3 5 s, and the proteins were fractionated by1998; Zitt et al., 1997; Kiselyov et al., 1998; Hofmann et
SDS±PAGE. To detect TRPg, TRP, and TRPL expressed in 293Tal., 1999) and in vivo (Li et al., 1999).
cells (DuBridge et al., 1987), the full-length cDNAs were subcloned
into pcDNA3 (Invitrogen). The transfections and sample preparation
Experimental Procedures
from 293T cells were as described (Xu et al., 1997). To detect TRPg
by Western blotting, the proteins were transferred to polyvinylidene
Genetics and Germline Transformation
difluoride membranes in 3-(cyclohexylamino)-1-propane-sulfonic
N-trpg (encoding the N-terminal 318 residues of TRPg with an N-ter-
acid (CAPS) buffer (10 mM CAPS, 12.5% methanol [pH 11]) at 75 V
minal Myc tag) and TRPg-myc (full-length TRPg with an N-termi-
for 45 min and then at 25 V overnight. TRPg was not transferred
nal Myc tag) were fused to the heat shock promoter hsp70 by sub-
efficiently using a Tris-glycine buffer.
cloning the constructs into the XbaI site of the pCaspeR-hs vector.
The constructs were introduced into the germline of w1118 embryos
Yeast Two-Hybrid Assay(wild-type, except for the white mutation) by P element±mediated
Various TRPg fragments were fused to the GAL4 DNA activationgermline transformation. To generate P[N-trpg];trp flies, the P[N-
domain by subcloning into pGADGH (Clontech). The N-terminal 339trpg] transgene was introduced into a w1118;trp343 background. All of
residues of TRPL were fused to the GAL4 DNA binding domain bythe flies analyzed were maintained at 258C (unless they were sub-
inserting into pAS2-1 (Clontech). Both plasmids were cotransformedjected to the heat shock paradigm, as described below).
into the yeast reporter strain PJ69A (trp2, leu2, his2, ade2) and plated
on SD plates (trp2, leu2) to select for transformants. TransformantsElectroretinogram Recordings
were then restreaked onto both SD plates and X-gal/SD plates.ERGs were performed as previously described (Wes et al., 1999),
Growth of blue colonies on X-gal/SD plates indicated protein±except that the flies were stimulated for 10 s with bright white light
protein interactions. The relative strength of the interactions, desig-after a 90 s dark adaptation. To express the transgenes under the
nated as low (1) to high (1111), was based on the growth ratescontrol of the hsp70 promoter, the transgenic animals were sub-
and intensities of blue color of the colonies on X-gal/SD media.jected to 1 hr heat shocks twice a day (at 8 hr intervals) in a 378C
water bath (starting during the early pupal stage). After 4 days of
Coimmunoprecipitationsheat shock treatments, the newly eclosed flies were collected and
Co-IPs from head extracts were performed using conditions similarexposed to three pulses of 1 hr heat shock at 378C, with a 30 min
to those previously described (Xu et al., 1998). Fly heads (100) wereincubation at 298C between each heat shock. The heat-shocked
homogenized in ice-cold IPB buffer (phosphate-buffered saline withflies were subsequently maintained at 298C overnight. ERGs were
500 mM NaCl, 5 mM MgCl2, 5 mM EDTA, 1 mM GTP, 0.2% dodecyl-recorded the following day after subjecting the flies to three addi-
b-maltoside [pH 7.5], and protease inhibitors) and centrifuged attional pulses of heat shocks using the same protocol followed by
16,000 3 g for 15 min to remove debris. Antibodies (1 ml) and pro-a 30 min incubation at room temperature. Control flies were sub-
tein-A Sepharose beads (50 ml) were added to the extracts andjected to an identical heat shock paradigm. The suppression effects
rotated at 48C for 2.5 hr. After four washes in IPB buffer, the immuno-in the transgenic flies were maximal within 1 hr of the last heat
complexes were eluted with SDS sample buffer, and half of theshock.
eluates were used for Western blotting.
Molecular Cloning of trpg
GST Affinity Binding AssayThe trpg genomic clone (TM2) was identified during a low-stringency
The N-terminal 318 residues of TRPg were inserted in pGEX-KGlibrary screening using the slowpoke (slo) Ca21-activated K1 channel
(Pharmacia) to create pGST-N-TRPg. The GST-N-TRPg protein wasgene as the probe (Atkinson et al., 1991; Adelman et al., 1992).
expressed in E. coli (BL-21) and purified with glutathione SepharoseThe trpg cDNA (4.0 kb) encoding the full-length coding region was
beads. Purified GST-N-TRPg (1 mg) or GST (0.5 mg) was immobilizedobtained by screening a Drosophila head cDNA library using the
on 25 ml glutathione beads and incubated with 35S-labeled N-TRPTM2 DNA. The trpg genomic sequence was identified by searching
or N-TRPL, which were produced through in vitro translation (Pro-the database compiled by the Berkeley Drosophila Genome Project.
mega). The bound beads were washed and eluted as described (XuTo make the TRPg-TRPL construct, the stop codon was removed
et al., 1997). The eluates were fractionated by SDS±PAGE, and thefrom pTRPg-Myc (trpg cDNA in-cloned between the KpnI and XbaI
dried gel was exposed to a phosphorimager for quantitation.sites in pcDNA3), and a linker encoding ten glycine residues was
added downstream of the last residue in trpg using PCR. The entire
coding region of TRPL was then inserted into the XbaI site 39 end Cell Culture and Whole-Cell Recordings
of the glycine linker. All of the constructs used for expression in 293T cells were in the
pcDNA3 vector (Invitrogen). Subconfluent 293T cells grown in mini-
Production of Anti-TRPg and Anti-TRPL Antibodies mal essential medium (10% FCS, 2 mM glutamine, 1 mM pyruvate,
A fragment encoding the C-terminal 300 residues of TRPg was sub- penicillin/streptomycin in 5% CO2) were cotransfected with pEGFP
cloned into pGEX-KG (Pharmacia) to create pGST-C-TRPg. The GST (Clontech) and pcDNA3-TRPg-Myc at a ratio of 1:5 using lipofect-
fusion protein was expressed in E. coli (BL-21), the bacteria were amine (GIBCO-BRL) as previously described (Xu et al., 1997). GFP-
lysed in SDS sample buffer, and the extracts were fractionated expressing cells were chosen for recordings that were performed
by SDS±PAGE. The band corresponding to the fusion protein was using an Axopatch 200B amplifier at 5 kHz filtration. To study the
visualized by staining with an aqueous solution of Coomassie blue current±voltage (I±V) relationship, a train of voltage commands at
and injected into rabbits (Covance). Affinity purification of the TRPg 10 mV increments was applied to cells clamped at 210 mV. The
antiserum was performed as previously described (Li et al., 1999). continual whole-cell currents were recorded using the MacLab3.13
Briefly, the C-terminal 300 residues of TRPg were expressed in BL- system (ADInstruments) with a sampling frequency at 20 Hz. The
21 as a fusion protein linked to the maltose binding protein (MBP- pipette solution contained 140 mM CsCl, 2 mM MgCl2, 10 mM EGTA,
C-TRPg). MBP-C-TRPg was covalently coupled to cyanogen bro- 0.3 mM ATP, 0.03 mM GTP, and 10 mM HEPES (pH 7.2). The pipette
mide±activated Sepharose beads (Pharmacia). The column was resistance was typically 2.5±4.0 MV. The capacitance and series
loaded with the crude antiserum and extensively washed, and the resistance were compensated before recording. Cells were usually
antibodies were eluted with 0.1 M glycine (pH 2). To generate anti- kept in normal bath solution (in mM: NaCl, 140; MgCl2, 1.2; CaCl2,
TRPL antibodies, a C-terminal portion of TRPL (residues 667±1124) 2.5; glucose, 10; and HEPES, 14 [pH 7.4]). Other extracellular solu-
was subcloned into pGEMEX-1 (Promega), and the T7 fusion protein tions were perfused over the cells using a five barrel perfusion
was expressed in E. coli (BL-21) and subsequently used to immunize system. The Na1 solution contained (in mM): NaCl, 140; EGTA, 2.5;
a rabbit. glucose, 10; and HEPES, 14 (pH 7.4); the NMDG solution contained
NMDG-Cl, 140; EGTA, 2.5; glucose, 10; and HEPES, 14 (pH 7.4); the
Ca21 solution contained NMDG-Cl, 140; Ca21, 5; glucose, 10; andWestern Blots
Retinas were dissected from fly heads that had been soaked in HEPES, 14 (pH 7.4); and the Mg21 solution contained NaCl, 140;
Mg21, 5; glucose, 10; and HEPES, 14 (pH 7.4).acetone at 2208C overnight. Fly tissues were sonicated in SDS
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Hardie, R.C., and Minke, B. (1992). The trp gene is essential for a
PCa:PNa 5
[Na1]o
4[Ca21]o
3 eF(2Vrev-Ca2Vrev-Na)/RT
light-activated Ca21 channel in Drosophila photoreceptors. Neuron
8, 643±651.
was derived from the following two equations: Harteneck, C., Obukhov, A.G., Zobel, A., Kalkbrenner, F., and
Schultz, G. (1995). The Drosophila cation channel trpl expressed in
Vrev-Ca 5
RT
2F
In
4PCa[Ca21]o
Pcat[cat]i
and Vrev-Na 5
RT
F
In
PNa[Na1]o
Pcat[cat]i
. Sf9 cells is stimulated by agonists of G-protein-coupled receptors.
FEBS Lett. 358, 297±300.
Hofmann, T., Obukhov, A.G., Schaefer, M., Harteneck, C., Guder-The Pcat and [cat]i represent the permeability and concentration of
mann, T., and Schultz, G. (1999). Direct activation of human TRPC6the intracellular monovalent cations, respectively.
and TRPC3 channels by diacylglycerol. Nature 397, 259±263.
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